Abstract Mineralocorticoid receptors (MR) exist in many tissues, in which they mediate diverse functions crucial to normal physiology, including tissue repair and electrolyte and fluid homeostasis. However, inappropriate activation of MR within these tissues, and especially in the brain, causes hypertension and pathological vascular, cardiac, and renal remodeling. MR binds aldosterone, cortisol and corticosterone with equal affinity. In aldosterone-target cells, co-expression with the 11β-hydroxysteroid dehydrogenase 2 (HSD2) allows aldosterone specifically to activate MR. Aldosterone levels are excessive in primary aldosteronism, but in conditions with increased oxidative stress, like CHF, obesity and diabetes, MR may also be inappropriately activated by glucocorticoids. Unlike thiazide diuretics, MR antagonists are diuretics that do not cause insulin resistance. Addition of MR antagonists to standard treatment for hypertension and cardiac or renal disease decreases endorgan pathology and sympathetic nerve activation (SNA), and increases quality of life indices.
Introduction
The search for a sodium-retaining hormone believed to have a role in edematous conditions [1] ultimately resulted in the isolation of aldosterone (electrocortin) in 1953 by Simpson and Tait in collaboration with the Swiss chemists Wettstein and Reichstein [2] ; this discovery was followed very soon thereafter with the description of the syndrome of primary aldosteronism [3, 4] . For the next two decades, the physiological and biochemical actions of aldosterone, and the less expensive and more easily synthesized mineralocorticoid deoxycorticosterone acetate (DOCA), were characterized. In 1972 it was recognized that they acted through a steroid receptor called the mineralocorticoid receptor (MR) [5] . An effective mineralocorticoid receptor antagonist, spironolactone, had been introduced in the early 1960's before the existence of the MR was certain [6] . The MR was cloned in 1987 by the group of Ronald Evans, introducing an era of greater understanding of MR signaling in health and disease [7] . Our purpose is to review recent developments in regards to the clinical implications of the MR, as well as to provide a future prospectus of novel roles of this ever-evolving system.
Background
The MR is encoded by the NR3C2 gene localized in the chromosome 4 q31.1 region [8] . Like other members of the nuclear receptor superfamily, the MR acts as a ligandactivated transcription factor; its biological actions are mediated by the proteins whose synthesis it regulates. It has three major functional domains: an N-terminal domain (NTD), a central DNA-binding domain (DBD), and a C-terminal ligand-binding domain (LBD) linked to the others by a hinge region. There are many co-activators and co-repressors of MR gene transactivation [8] that differ between each cell type; thus, some MR-mediated functions are specific for different types of cells and may be influenced by physiological conditions that alter co-regulator expression [8] . Ultimately, MR-mediated actions are the result of a multitude of interactions, involving both transcriptional and posttranscriptional mechanisms [8] .
Though most of the early studies of MR function focused on transporting epithelia, such as in the distal convoluted tubule and collecting duct of the kidney, salivary gland, distal colon, airway epithelia, etc. [9] [10] [11] , the MR is expressed and acts in a wider variety of cells [8] , including non-epithelial tissues like the brain, heart, arteries, ovaries, pancreas and others [12] [13] [14] [15] [16] [17] . Early studies in transport epithelia suggested that the MR bound aldosterone specifically [5] , but it was subsequently found that the MR binds with similar affinity to the primary glucocorticoids, cortisol, and corticosterone (in some species) [18] . These steroids circulate at concentrations 1,000 (total plasma) and 100 (free steroid) times the concentration of aldosterone in plasma [19, 20] . Specificity of the MR for aldosterone in transporting epithelia was found to be due to the co-expression of an enzyme, 11β-hydroxysteroid dehydrogenase 2 (11β-HSD2), which metabolizes the active glucocorticoids cortisol and corticosterone to the inactive metabolites cortisone and 11-dehydrocorticosterone [21] [22] [23] . There are some doubts about whether this protective mechanism is sufficient to completely explain the MR selectivity for aldosterone, and it is proposed that the alteration in redox potential produced by the actions of the enzyme may alter the transcriptional activity of the MR [19] . In tissues that do not express the 11β-HSD2, such as the cardiomyocyte and specific neurons in the brain [24] [25] [26] , cortisol or corticosterone occupy the receptor almost entirely.
In addition to its effects regulating specific gene transcription, the MR mediates rapid non-genomic effects that do not involve gene transcription, though they may alter gene expression secondarily [27] [28] [29] . Recently GPR30, a 7 trans-membrane G-protein-associated receptor also called GPER, was found to mediate some of the non-genomic actions of aldosterone and perhaps to represent a membrane-bound MR [30] . This receptor is also mostly blocked by the MR blocker spironolactone [30] . As inappropriate MR activation is associated with cardiovascular, cerebrovascular, and renal damage, MR antagonists may ameliorate the outcome of these disorders. Whether some of the benefits of MR antagonists in these conditions are due also to direct effect on GPR30 signaling or to interruption of an interaction of the MR with GPR30 or GPR30-initiated events is not clear.
Aldosterone and the Heart
Seventy years ago, Hans Selye first demonstrated that the administration of deoxycorticosterone with increased salt intake was associated with hypertension, cardiac hypertrophy, and heart failure [31] . Many decades later, K.T. Weber's group demonstrated that the cardiac hypertrophy and fibrosis in rats produced by high aldosterone plus salt is associated with fibroblast proliferation, cardiomyocyte hypertrophy, and increased accumulation of collagen types I and II [32, 33] , and is prevented by the concurrent administration of the MR antagonist spironolactone [34] . Chronic administration of aldosterone to rats on a high-sodium diet results in early macrophage infiltration of the myocardium and vasculature with increased expression of inflammatory markers, followed a few weeks later with vascular and cardiac remodeling and fibrosis [35, 36] . This cardiac response to aldosterone-salt is a direct effect on the heart independent of blood pressure [37] [38] [39] .
Both angiotensin II and aldosterone are increased in congestive heart failure (CHF), and the persistent elevation of both has clearly deleterious consequences on cardiac and vascular structures. Treatment of patients with CHF with a converting enzyme inhibitors (ACEi) became a major modality of treatment, as decreasing angiotensin II would decrease the direct effect on the heart and vessels, as well as the indirect effect through reduction in aldosterone levels. However, aldosterone escapes from the inhibitory effects of ACEi and angiotensin II receptor blockers (ARB) after chronic treatment in CHF and returns to or above its initial baseline [40] . Given the association between plasma aldosterone levels and mortality in patients with CHF and left ventricular hypertrophy (LVH) [41, 42] , and the knowledge that there is an aldosterone escape in patients with CHF treated with ACEi, the Randomized Aldactone Evaluation (RALES) trial was designed to test the effect of the addition of mineralocorticoid receptor blockade with spironolactone to standard treatment of patients with CHF [43] . The RALES trial tested the hypothesis that daily treatment with 25 mg of spironolactone would significantly reduce the risk of death from all causes among patients who had severe heart failure as a result of systolic left ventricular dysfunction and who were receiving standard therapy, including an ACE inhibitor [43] . The primary end point of the study was death from any cause, and the secondary end points included death from cardiac causes, hospitalization for cardiac causes, the combined incidence of death from cardiac causes or hospitalization for cardiac causes, and a change in the NYHA class [43] . The trial was stopped early because of a significant, 30 % reduction in the risk of death in the spironolactone group, as well as a 31 % reduction in the risk of death from cardiac causes and 30 % reduction in the risk of hospitalization for cardiac causes among patients in the spironolactone group.
These results led to a similar clinical trial of the effect of mineralocorticoid receptor blockade in patients with acute myocardial infarction complicated by left ventricular dysfunction and heart failure, the Eplerenone Post-AMI Heart Failure Efficacy and Survival (EPHESUS) trial [44] . Eplerenone was used rather than spironolactone because it does not inhibit the androgen receptor, and because it was still on patent at the time. The primary endpoints of the EPHESUS trial were time to death from any cause, time to death from cardiovascular causes, and first hospitalization for a cardiovascular event, including heart failure, recurrent MI, stroke, or ventricular arrhythmia. The secondary end points were death from cardiovascular causes, death from any cause, or any hospitalization. There were significant reductions in overall mortality, rate of death from cardiovascular causes, and hospitalization for cardiovascular events among those receiving the MR antagonist.
As inferred from laboratory animal studies, the RALES and EPHESUS trials confirmed the crucial role of the MR in the pathogenesis of heart disease. The remaining question was whether MR antagonists could improve survival among patients with chronic systolic heart failure and mild symptoms. The Eplerenone in Mild Patients Hospitalization And SurvIval Study in Heart Failure (EMPHASIS-HF) trial was designed to address this issue in patients with systolic heart failure and mild symptoms (NYHA II) [45••] . The primary outcome was death from cardiovascular causes or a first hospitalization for heart failure. There were significant reductions in the rate of death from a cardiovascular cause, hospitalization for heart failure, and rates of death from any cause.
These clinical trials confirmed the involvement of the mineralocorticoid receptor in CHF originating from both ischemic and non-ischemic causes, and also demonstrated that these effects are unrelated to changes in potassium [46• ]. The latter finding was crucial. Serum potassium is generally lower in CHF, so it was proposed by some that the ameliorative effect of spironolactone in the RALES trial was partly due to increased potassium, which decreased cardiac arrhythmias. While excessive MR inhibition has a risk of hyperkalemia through decreased potassium secretion, hyperkalemia was never a problem in the studies.
In the 4E-Left Ventricular Hypertrophy Study, the MR antagonist eplerenone was compared with the angiotensin converting inhibitor enalapril, and their combination in patients with hypertension and LVH. Eplerenone had comparable effects to enalapril in decreasing BP and LVH; the combination was more effective than each individually [47] . As the evidence for the value of MR antagonists in the management of cardiac disease accrues, it is essential that the clinician recognize that indiscriminate use of these agents could lead to severe hyperkalemia, so patients should be properly monitored [48] . New trials of MR antagonists are currently being conducted in other subgroups with heart failure, including the TOPCAT study in patients with preserved ejection fraction congestive heart failure [49] and the ALBATROSS study to assess the effects of MR blockade early after myocardial infarction [50] , and the results should be available soon.
As described above, the MR has equal affinity for cortisol and aldosterone. The expression of 11β-hydroxysteroid dehydrogenase in the heart is very low and appears to be limited to vessels. Thus, it is unclear how aldosterone can have a deleterious effect in the heart when MR in the cardiomyocytes are occupied by the far more abundant glucocorticoid cortisol, with aldosterone binding only a small portion of the MR [51] . It has been hypothesized that under basal conditions cardiomyocyte MR occupied by the glucocorticoids are inactive, and that changes in the NAD/ NADH ratio induced by oxidative stress cause the MR to be activated by glucocorticoids [51, 52] . It may also be that oxidative stress causes a change in MR conformation and/or in co-activators that allows the MR to be activated by glucocorticoids, aldosterone or even independently of ligand and causes the increased and ultimately excessive transcription of genes normally associated with repair [32, 33, 35] .
Kidney
The most well understood effects of MR activation by aldosterone are in the kidney, where they result in the vectorial transfer of sodium, potassium, and protons essential for the maintenance of sodium, potassium, and water homeostasis. Excessive action of aldosterone in the kidney results in increased reabsorption of sodium, loss of potassium and protons, and, in combination with actions at other levels, hypertension and target organ damage including in the kidney. Kidney damage due to excessive MR activation goes beyond the elevation of blood pressure [36] and involves direct and indirect effects, including those mediated by MR within the kidney, the central nervous sytem, and immune system [53] [54] [55] .
Abnormal activation of the renin-angiotensin system participates in the progression of kidney disease, and most studies have focused on the deleterious effects of angiotensin II, leading to the extensive use of ACEi or angiotensin receptor blockers (ARB) as first line therapy for patients with renal disease. Studies by Greene demonstrated that the protective effects of ACEi or ARB in a renal ablation model of renal disease were reversed by administration of aldosterone [56] . Aldosterone, in the presence of excessive sodium intake, affects almost all the renal parenchyma, including the vasculature, glomeruli and the tubulointerstitium [57] . The renal vasculature is directly affected by aldosterone with the induction of inflammation, fibrosis, and impaired vascular reactivity; MR in myeloid cells appear to play a significant role in this process [39, 58, 59] . In addition, aldosterone-salt treated animals develop proteinuria and severe glomerular injury [60•] due to dysfunction of podocytes with decreased expression of nephrin and podocin, the main components of the slit diaphragm in podocytes, and increased expression of desmin, a marker for podocyte damage. These changes are almost completely prevented by MR antagonists [61] . Aldosterone also increases the proliferation of mesangial cells, which contributes to glomerular damage and proteinuria [62] .
Guo et al. demonstrated reduced renal injury with MR blockade in studies of rodents with both type 1 and type 2 diabetes mellitus [63] . MR blockade improved albuminuria, glomerular hypertrophy, early mesangial matrix expansion, and glomerular inflammatory infiltrates. The overall effect was reduced vascular injury, inflammation, and renal fibrosis. Furthermore, markers of tubulointerstitial disease were reduced by MR blockade [63] . Similar findings have also been demonstrated in human studies. Aldosterone antagonists reduce renal injury and albuminuria in persons with diabetes mellitus and nephropathy [64•, 65, 66] . In patients with type 2 diabetes and nephropathy, albuminuria was reduced by 33 % in the MR antagonist group [66] , and the fractional clearance of albumin was reduced by 40 %. Although both the systolic and diastolic blood pressures were significantly lower in the MR antagonist treated group, the improvement in albuminuria was independent of the blood pressure lowering effects [64•, 66] . This observation demonstrates the non-hemodynamic actions of MR blockade and, consistent with studies in experimental models, the results suggest a reduction of pro-sclerotic growth factors.
Current recommendations for the treatment of hypertensive diabetics include the use of ACEi or ARB to block the renin-angiotensin system; however, in diabetics with proteinuria incompletely corrected with an ACEi, the addition of spironolactone has clear additive effects on decreasing protein excretion, with an additional benefit of reducing cardiac hypertrophy [67] . The potential for the induction of hyperkalemia, especially in diabetic patients on an ACEi is real, though uncommon. These patients benefit from the use of MR antagonists as long as their potassium levels are monitored. Spironolactone administration to patients with mild to moderate renal failure had a very low incidence of serious hyperkalemia (<1 %) and mild intermittent hyperkalemia in 11 of 115 patients [68] .
MR in Adipose Tissue
MR are expressed in preadipocytes, including those that become brown fat, and are crucial in the differentiation into adipocytes and in mitochondrial function [69, 70] . Aldosterone is also increased in obesity and the metabolic syndrome. The cause of this increase is uncertain, but there is evidence for an adipocyte factor that stimulates aldosterone synthesis by the adrenal gland [71, 72] . While the identity of this factor is unknown, the adiponectin receptor is expressed in the human adrenal cortex, as well as in aldosteroneproducing adenomas [73] . There is also recent evidence that adipose tissue synthesizes aldosterone directly [74] . In in vitro models, aldosterone decreases insulin-induced glucose uptake and the expression of uncoupling protein-1 in brown fat, and increases synthesis of the adipokines leptin and monocyte chemoattractant protein-1 [75] . MR antagonists reverse obesity-related changes in expression of adiponectin, peroxisome proliferator-activated receptor-gamma, and proinflammatory adipokines in experimental animals and human adipocytes in culture [76, 77] .
MR in the Brain
Mineralocorticoid receptors are highly expressed in specific neurons in several regions of the CNS, most prominently the hippocampus, discrete nuclei of the hypothalamus, amygdala, nucleus tractus solitarius (NTS), cerebral cortex, and Purkinje cells of the cerebellum [14, 17, 78, 79] . Little is known about the function of MR in most of these neurons, particularly those of the cerebral cortex and cerebellum. Aldosterone target neurons of the NTS coexpress the 11β-hydroxysteroid dehydrogenase 2 that confers specificity to the MR for aldosterone [80] . These MR and those in the amygdala are involved in the regulation of sodium appetite [81, 82] .
MR in the paraventricular nucleus of the hypothalamus (PVN) are associated with the modulation of the blood pressure and renal function, primarily by increasing sympathetic output to the vessels, heart, and kidney [79] . As in experimental mineralocorticoid excess hypertension, inappropriately high aldosterone levels in humans increases sympathetic drive. Some of these studies were done in primary aldosteronism patients before and after the removal of the aldosterone-producing adenoma [83] . In normal human volunteers, infusion of aldosterone to induce a 4-fold increase basal plasma aldosterone concentration, (which is within the pathophysiologic range) resulted in increased muscle sympathetic nerve activity (SNA) and impaired baroreflex responses [84] .
In a comparison between the effects of chlorthalidone and spironolactone on hypertension, SNA, and insulin resistance, the thiazide diuretic consistently increased sympathetic nerve activity in non-diabetic hypertensive patients, while the MR antagonist similarly decreased the blood pressure but had no effect on the SNA. After 3 months of treatment, the thiazide diuretic increased insulin resistance; spironolactone had no effect [85] . In another study, SNA was measured in hypertensive patients before initiating treatment with chlorthalidone, 12 weeks later, then 12 weeks after either the ARB irbesartan or spironolactone was added to the chlorthalidone in a randomized cross-over trial. Chlorthalidone effectively lowered the BP, but at the expense of a significant and persistent increase in SNA and insulin resistance. Spironolactone, but not irbesartan, reversed both the increase in SNA and insulin resistance associated with the chlorthalidone [86•] .
The highest concentration of MR anywhere in the body is in the hippocampus, where it is thought to be bound primarily by glucocorticoids and is essential for normal neuronal function, including serotonergic metabolism [19, 87] . The hippocampus is the major integrative center for the formation of memories, learning, cognition, and coping with stress. Derangements in hippocampal function are implicated in major depression and posttraumatic stress disorder. Primary aldosteronism is associated with depression and a decline in cognitive abilities. Successful treatment is reported to improve quality of life, cognition, and depression in these patients [88] [89] [90] [91] . Given the prevalence of primary aldosteronism, between 4-12 % of persons with hypertension [92] , the affective aspect of inappropriate MR activation in the brain may be significant and underappreciated.
In addition to their crucial role in electrolyte and fluid homeostasis, MR also mediate tissue repair processes as well as trophic functions in the brain [93] , and the interplay between MR and glucocorticoid receptors (GR) complicates these processes. GR are expressed in most cells, including those that express MR, although GR has about 1/10 the affinity for aldosterone as for cortisol. In cells that do not express 11β-HSD2, MR are primarily occupied by cortisol, even at the nadir of the circadian cycle, while GR are occupied at the zenith of the cycle. Conditions of stress and uncontrolled diabetes are associated with chronically elevated glucocorticoid levels and a significant reduction in cognitive and hippocampal neuron function in rats. Aldosterone, but not corticosterone, restored normal neuronal function in a diabetic rat model [94] . A study in humans who were receiving antidepressant therapy and were treated with either spironolactone or the potent mineralocorticoid fludrocortisone identified a group of patients with an MR polymorphism in whom the mineralocorticoid enhanced and accelerated the effect of the SSRI antidepressant, while decreasing cortisol values. In non-responders, fludrocortisone had no effect on cortisol levels [95] . It is now clear that, while limited, neurogenesis, differentiation, and migration occur in the adult human [96] , and that MR are critically important in these processes [97] .
Mineralocorticoid Receptor Antagonists, Present and Future
Two generations of MR antagonists are currently available. The first generation includes spironolactone and canrenone (a metabolite available in Europe). These are potent steroidal compounds with multiple active metabolites, some of which are concentrated in the kidney and have long halflives. Unfortunately they are also antagonists of the androgen receptor and agonists of the progesterone receptor, although these effects can be useful for the treatment of PCOS. Eplerenone, a relatively new steroidal MR antagonist, is less potent, has no active metabolites, and has a short half-life, but it is more selective for the MR, and is also concentrated in the kidney. Currently there are clinical trials of third-and fourth-generation MR antagonists that are nonsteroidal, potent, selective for the MR, and have a more balanced tissue distribution with significant concentration in the cardiovascular system, as well as the kidney [98•] . The hope that these will have a lower risk for excessive potassium retention remains to be seen.
Conclusions
MR are crucial to normal physiology of many systems, including repair and trophic functions in neurons. However, when inappropriately activated, they are associated with hypertension and pathological remodeling of vessels, heart, and kidney, mediated both by MR within these tissues and by MR in the brain leading to unremitting increased sympathetic nerve activation and decreased baroreceptor sensitivity. Aldosterone itself may be high in relation to need in some conditions, particularly primary aldosteronism and CHF, but in other conditions of chronic increases in oxidative stress, the MR appears to be activated primarily by glucocorticoids. Clinical trials demonstrate that the addition of MR antagonists to standard treatment for hypertension, cardiac, and renal disease decreases end-organ pathology and SNA, and increases quality of life indices. A particularly germane issue in the battle against metabolic syndrome and diabetes is that MR antagonists act as diuretics without causing the insulin resistance associated with thiazide diuretics and can counteract the glycemic derangements caused by the thiazides. The potential for hyperkalemia should not be dismissed; however, judicious use of mineralocorticoid receptor antagonists can be an important adjunct to treatment regimens for hypertension, heart, and kidney disease, particularly in the obese and diabetic patient.
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